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ABSTRACT
Galaxy clusters exhibit remarkable self-similar behavior which allows us to establish simple scaling relation-
ships between observable quantities and cluster masses, making galaxy clusters useful cosmological probes.
Recent X-ray observations suggested that self-similarity may be broken in the outskirts of galaxy clusters. In
this work, we analyze a mass-limited sample of massive galaxy clusters from the Omega500 cosmological
hydrodynamic simulation to investigate the self-similarity of the diffuse X-ray emitting intracluster medium
(ICM) in the outskirts of galaxy clusters. We find that the self-similarity of the outer ICM profiles is better
preserved if they are normalized with respect to the mean density of the universe, while the inner profiles are
more self-similar when normalized using the critical density. However, the outer ICM profiles as well as the
location of accretion shock around clusters are sensitive to their mass accretion rate, which causes the apparent
breaking of self-similarity in cluster outskirts. We also find that the collisional gas does not follow the dis-
tribution of collisionless dark matter (DM) perfectly in the infall regions of galaxy clusters, leading to 10%
departures in the gas-to-DM density ratio from the cosmic mean value. Our results have a number implications
for interpreting observations of galaxy clusters in X-ray and through the Sunyaev–Zel’dovich effect, and their
applications to cosmology.
Keywords: cosmology: theory – galaxies: clusters: general – galaxies: clusters: intracluster medium – methods:
numerical
1. INTRODUCTION
Galaxy clusters are the most massive gravitationally bound
objects in the universe. Most of the baryons are in the form
of hot X-ray emitting gas and reside in the deep gravita-
tional potential wells of galaxy clusters. The hot gas is de-
tectable in both the X-ray and the microwave, through the
Sunyaev–Zel’dovich (SZ) effect. Observations of the intr-
acluster medium (ICM) show remarkable regularity over a
wide range of mass and redshift, making galaxy clusters pow-
erful probes for cosmology (e.g. Allen et al. 2011, for review).
Self-similarity is a generic prediction of gravitational struc-
ture formation. It features simple scaling relations between
the observable properties and mass of galaxy clusters (Kaiser
1986; Voit 2005; Kravtsov & Borgani 2012, for a recent re-
view). When scaled by cluster mass, the radial profiles of
thermodynamic properties of the ICM display remarkable re-
semblance (Vikhlinin et al. 2006; Nagai et al. 2007; Pratt et al.
2009; Arnaud et al. 2010) outside of cluster cores where the
effects of non-gravitational physics are small. When inte-
grated, the self-similar ICM quantities can serve as robust ob-
servational proxies for cluster mass, such as its thermal energy
content, YX (Kravtsov et al. 2006), or its X-ray luminosity,
LX (Maughan 2007). The outer regions of clusters are ideal
for robust ICM measurements and inferences of cluster mass
since these measurements at large radii are less susceptible
to complex astrophysical processes that affect measurements
in the cluster core, such as gas cooling, star formation, and
energy injections from supernovae and active galactic nuclei.
Both X-ray and SZ observations have recently measured
properties of the ICM out to the virial radius (see, e.g.,
Reiprich et al. 2013, for review). However, some of these
observations revealed several unexpected results that devi-
ate from theoretical predictions. First, hydrodynamical sim-
ulations predict that the entropy of the ICM should have a
power law scaling with cluster-centric radius, as the entropy
is set by the accretion shock of the cluster (Tozzi & Nor-
man 2001; Voit et al. 2003). But, Suzaku X-ray measure-
ments of the outer regions of clusters showed lower and flatter
entropy profiles than the theoretically predicted power law,
breaking the self-similar scaling (e.g., George et al. 2009;
Bautz et al. 2009; Reiprich et al. 2009; Hoshino et al. 2010;
Kawaharada et al. 2010; Akamatsu et al. 2011; Walker et al.
2013; Urban et al. 2014; Okabe et al. 2014). Additionally,
Suzaku measured an enclosed gas mass fraction of the Perseus
cluster that curiously exceeds the cosmic baryon fraction at
large radii (Simionescu et al. 2011). In addition, Chandra
follow-up observations of SZ-selected clusters from the South
Pole Telescope survey also found signs of entropy flatten-
ing and redshift evolution of the pressure profile in the outer
regions of clusters, indicating signatures of departures from
self-similarity (McDonald et al. 2014, but see Eckert et al.
2013; Morandi et al. 2015).
In the prevalent ΛCDM picture of structure formation,
galaxy clusters are dynamically young objects that are still
growing via mergers and accretion. The outskirts of galaxy
clusters can be regarded as “cosmic melting pots,” where in-
falling materials are being virialized. The accreting gas dis-
sipates heat through shocks and turbulence, establishing the
overall thermodynamical structures in galaxy clusters. An
improved understanding of the “cosmic melting pot” will ad-
vance our ability to use clusters for precision cosmology, par-
ticularly in light of ongoing and upcoming multi-wavelength
cluster surveys, including Planck and eROSITA.
A variety of astrophysical processes in cluster outskirts can
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contribute to the observed deviations from self-similar pre-
dictions. Previous theoretical works indicated that processes
such as gas inhomogeneities (Nagai & Lau 2011; Zhuravl-
eva et al. 2013; Vazza et al. 2013; Roncarelli et al. 2013; Ra-
sia et al. 2014) and non-thermal pressure support (e.g, Nelson
et al. 2014a; Shi & Komatsu 2014; Shi et al. 2015) may play
significant roles. These non-equilibrium processes are likely
to be driven by mass accretion in the outskirts of clusters.
Recent N-body simulations suggested that dark matter
(DM) halos accrete mass at different rates depending on their
mass, redshift (e.g., Cuesta et al. 2008; McBride et al. 2009).
Variations in the mass accretion rate (MAR) of halos intro-
duce differences in the DM density profiles in halo outskirts,
leading to apparent deviations from self-similarity (Diemer &
Kravtsov 2014). If gas traces DM, we would expect mass
accretion to similarly affect the gas distribution in cluster out-
skirts. Understanding the effects of MAR on gas properties
in cluster outskirts requires cosmological hydrodynamic sim-
ulations that self-consistently follow the dynamics of DM and
gas.
In this work, we analyze a mass-limited sample of galaxy
clusters extracted from the Omega500 cosmological hydro-
dynamic simulation (Nelson et al. 2014b). We find that the
ICM profiles in cluster outskirts are affected by the mass ac-
cretion in two ways. First, the outer ICM profiles are more
self-similar with redshift when they are normalized using the
mean mass density of the universe, because the mean density
traces the redshift evolution of MAR better than the critical
density. Second, at any given redshift, the outer ICM profiles
and the location of accretion shock around clusters are sen-
sitive to the MAR. We also find the collisional gas does not
trace accretion of the collisionless DM perfectly, leading to
departures in the density ratio between gas and DM from the
cosmic mean value. We discuss implications of our results
on X-ray and SZ observations of the ICM profiles in cluster
outskirts, mass-observable scaling relations, and the use of
galaxy clusters as cosmological probes.
The paper is organized as follows. In Section 2 we describe
the concepts of cluster mass definitions, self-similar model,
and MAR. In Section 3 we describe our simulated cluster
sample. In Section 4 we examine the dependence of the gas
profiles on the definition of cluster mass and their MAR. We
provide our discussion and conclusions in Section 5.
2. THEORETICAL CONSIDERATIONS
2.1. Cluster Mass Definitions
Galaxy cluster forms at the intersections of large-scale fila-
mentary structures in the universe and they do not have well-
defined physical edge. To calculate cluster masses, the com-
mon approach is to define the boundary of a cluster as a sphere
enclosing an average matter density equal to a reference over-
density ∆ times a reference background density, ρref. The
mass of the cluster is then given as,
M∆ ≡ 4pi3 ∆ρref(z)R
3
∆ (1)
where R∆ is the radius within which we compute the en-
closed mass. Two common choices of the background den-
sity ρref are the critical density, ρc(z) ≡ 3H20 E2(z)/(8piG),
and the mean matter density, ρm(z) = ρc(z)Ωm(z), in the stan-
dard ΛCDM spatially flat cosmological model, where E2(z)≡
Ωm(1 + z)3 +ΩΛ, Ωm(z) = Ωm(1 + z)3/E2(z), and Ωm (without
the explicit z-dependence) refers to the present-day mass den-
sity fraction of the universe. The reference overdensity ∆ is
usually chosen to be a value close to 18pi2 ≈ 178, which cor-
responds to the virial overdensity in the flat matter dominated,
Einstein-de Sitter universe (Ωm = 1−ΩΛ = 1). In the more re-
alistic flat ΛCDM model, the virial overdensity varies with
redshift (e.g., Bryan & Norman 1998).
In the literature, ρc(z) has been widely used to define clus-
ter masses (ρref = ρc(z), with ∆ =∆c). In particular, ∆c = 500
has been used in the analyses of Chandra and XMM-Newton
X-ray observations of galaxy clusters, since it corresponds to
the radius out to which gas density and temperature profiles of
the ICM can be reliably measured. ∆c = 200 is also adopted
in recent Suzaku X-ray and Planck SZ observations which ex-
tended the measurements of the ICM profiles to larger cluster-
centric radii. On the other hand, ρm(z) ∝ (1+ z)3 is indepen-
dent of other cosmological parameters, e.g., the Hubble pa-
rameter. Using ρm(z) to define DM halos also leads to a more
“universal” mass function (e.g., White 2002) and has been
used in calibrating halo mass functions in N-body simulations
(e.g., Jenkins et al. 2001; Tinker et al. 2008).
2.2. Self-similarity
In the current hierarchical structure formation model,
galaxy cluster of mass M at redshift z forms from gravitational
collapse of the primordial cosmological density perturbation,
when its linear density fluctuation δ(M,z) reaches the collapse
threshold δc = 1.686. Since the primordial density pertur-
bations are well-characterized by the Gaussian distribution,
properties of galaxy clusters are uniquely characterized by
its density peak height, ν(M,z) ≡ δc/σ(M,z), where σ(M,z)
is the characteristic linear density fluctuation smoothed over
mass scale M at redshift z.
Strictly speaking, self-similarity only holds when the initial
linear density fluctuations and their subsequent gravitational
collapse into cluster halos are scale-free, and there is no phys-
ical scale associated with non-gravitational processes operat-
ing during cluster formation. These conditions are approxi-
mately true for cluster-size halos, where linear density fluc-
tuations follow a power law. During the subsequent collapse
until z & 0.5, the effects of dark energy are also assumed to
be small, keeping cluster growth almost scale-free. Baryonic
physics, such as radiative cooling, star formation and feed-
back, break self-similarity, but their effects are mostly con-
fined to within the cluster core.
On large scales, the majority of the baryonic component
is in the form of X-ray emitting ICM and is expected to
follow the distribution of the gravitationally dominant DM.
The self-similar model predicts that cluster gas profiles for
a given mass (or peak height) appear “universal” when they
are scaled with respect to the reference background density
of the universe (see, e.g., Voit 2005). For example, the gas
density is scaled using the mean cosmic baryon overdensity,
defined as ρgas,∆ ≡ fb∆ρref(z), where ∆ is the redshift in-
dependent chosen overdensity, ρref(z) is the reference mass
density of the universe at redshift z, and fb ≡ Ωb/Ωm is the
cosmic baryon fraction. Similarly, other quantities, such as
temperature, pressure, entropy, and velocity, can be normal-
ized with appropriate scaling that depends on mass and red-
shift: kBT∆ ≡ GM∆µmp/(2R∆), P∆ ≡ ρgas,∆kBT∆/(µmp),
K∆ ≡ kBT∆/(µmpρ2/3gas,∆), and Vcirc,∆ ≡
√
GM∆/R∆, where
G is the gravitational constant, mp is the proton mass and kB
is the Boltzmann constant. For the cases where the reference
background density is set to the critical or the mean density,
we set ∆ = ∆c or ∆ = ∆m ≡∆c/Ωm(z), respectively. In this
paper, we consider two cases: ∆c = 200 and ∆m = 200. The
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the self-similar values of the thermodynamical quantities for
∆c = 200 are:
ρ200c = 4.759×10−14 E(z)2 MMpc−3, (2)
kBT200c = 8.145 keV
(
M200c
1015h−1M
)2/3
E(z)2/3, (3)
P200c = 2.660×10−3 keV cm−3
(
M200c
1015h−1M
)2/3
E(z)8/3,
(4)
K200c = 1718 keVcm2
(
M200c
1015h−1M
)2/3
E(z)−2/3; (5)
and for ∆m = 200:
ρ200m = 1.285×10−12 (1+ z)3 MMpc−3, (6)
kBT200m = 5.265 keV
(
M200m
1015h−1M
)2/3
(1+ z), (7)
P200m = 4.641×10−4 keV cm−3
(
M200m
1015h−1M
)2/3
(1+ z)4,
(8)
K200m = 2800 keV cm2
(
M200m
1015h−1M
)2/3
(1+ z)−1. (9)
We adopt fb = 0.1737 from the WMAP5 cosmology used in
this work, and µ = 0.59 to be the mean particle weight of the
fully ionized ICM.
2.3. Mass Accretion Rate (MAR)
In this work, we propose a proxy for the instantaneous
MAR α∆, defined as the ratio of radial infall velocity to the
circular velocity of the cluster halo measured at some chosen
radius Rα,
α∆ =
V DMr (r = Rα)
Vcirc,∆
, (10)
where Rα is a free parameter denoting a certain radius located
inside the infall region where V DMr < 0. Physically, a halo that
is actively accreting in its outskirts will have a large negative
value of α∆.
Diemer & Kravtsov (2014) proposed a different MAR
proxy Γ∆:
Γ∆ =
log10
(
M∆(a0)/M∆(a1)
)
log10(a0/a1)
(11)
where M∆(a0) and M∆(a1) are the mass of the halo at a0 =
1(z = 0) and its progenitor at a1 = 0.67(z = 0.5) respectively.
A higher Γ∆ means that the halo has experienced a greater
physical mass accretion between the two redshifts.
Our proposed MAR proxy α∆ have an advantage over Γ∆
because α∆ can be measured for halos at any given redshift,
while Γ∆ is an integrated quantity defined between two cho-
sen redshifts. α∆ is also in principle an observable quantity
that can be measured from radial velocities of infalling galax-
ies or gas in cluster outskirts. We compare these two MAR
proxies in Section 4.3.
3. COSMOLOGICAL HYDRODYNAMIC SIMULATIONS
3.1. Data and Halo Selection
In this work we analyze a sample of simulated galaxy clus-
ters from the Omega500 Simulation Project (Nelson et al.
2014b), which is a high-resolution hydrodynamical simula-
tion of a large cosmological volume with the comoving box
length of 500h−1 Mpc. The simulation is performed using
the Adaptive Refinement Tree (ART) N-body+gas-dynamics
code (Kravtsov 1999; Kravtsov et al. 2002; Rudd et al. 2008),
which is an Eulerian code that uses adaptive refinement in
space and time, and non-adaptive refinement in mass (Klypin
et al. 2001) to achieve the dynamic ranges to resolve the
cores of halos formed in self-consistent cosmological simu-
lations in a flat ΛCDM model with WMAP 5 years (WMAP5)
cosmological parameters: Ωm = 1 −ΩΛ = 0.27, Ωb = 0.0469,
h = 0.7 and σ8 = 0.82, where the Hubble constant is defined as
100h kms−1 Mpc−1 and σ8 is the mass variance within spheres
of radius 8h−1Mpc. The simulation is performed on a uniform
5123 grid with 8 levels of mesh refinement, implying a max-
imum comoving spatial resolution of 3.8h−1kpc. Our simu-
lations are based on simple non-radiative hydrodynamics, al-
lowing us to isolate the effects of MAR on self-similarity from
the effects of complicated galaxy formation physics, which
are expected to be small in the outskirts of clusters. The cur-
rent work also serves as a baseline for future studies of the
effects of such physics.
Galaxy clusters are identified in the simulation using a
spherical overdensity halo finder described in Nelson et al.
(2014b). We select clusters with M500c ≥ 3× 1014 h−1M at
z = 0 and re-simulate the box with higher resolution DM parti-
cles in regions of the selected clusters, resulting in an effective
mass resolution of 20483, which corresponds to a mass reso-
lution of 1.09× 109 h−1M. To study the redshift evolution
for the ICM profiles, we extract halos from four redshift out-
puts: z = 0.0,0.5,1.0,1.5. At each redshift we apply a mass
cut to ensure a mass-limited sample by comparing our mass
function to that of Tinker et al. (2008) and setting the mass cut
to ensure that the sample is complete above the chosen mass
threshold. The mass-cuts and resulting sample sizes are as
follows: 65 clusters with M200m ≥ 6×1014h−1M at z = 0, 48
clusters with M200m ≥ 2.5×1014h−1M at z = 0.5, 42 clusters
with M200m ≥ 1.3×1014h−1M at z = 1.0, and 42 clusters with
M200m ≥ 7×1013h−1M at z = 1.5.
3.2. Substructure Removal and Profile Making
In this work we are primarily interested in the thermody-
namic properties of the diffuse ICM. Gas in dense clumps and
filaments is expected to have different thermodynamical prop-
erties from the diffuse ICM. In this work we minimize their
effects by identifying and removing these gaseous substruc-
tures directly in simulations. Using the method proposed by
Zhuravleva et al. (2013), we remove gas clumps by excluding
gas cells that have logarithmic density 3.5σ above the median
for a given radial bin. Similarly we remove gaseous filamen-
tary structures by excluding radially infalling gas cells with
logarithmic density between 1σ and 3.5σ above the median
for a given radial bin. As shown in Figure 1, this method can
identify gas associated with clumps and filaments in the clus-
ter outskirts quite well.
After removing clumps and filaments, we compute the
spherically averaged profiles by dividing the analysis region
for each cluster into 99 spherical logarithmically spaced bins
from 10h−1kpc to 10h−1Mpc (comoving) in the radial direc-
tion from the cluster center, which is defined as the position
with the maximum binding energy. Our results are insensitive
to the exact choice of binning. We then compute volume-
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Figure 1. Projected gas density maps of one of the z = 0 clusters selected from the sample. From left to right: map of the total gas, clumps, and filaments. The
dimension for each panel is 15.6h−1Mpc×15.6h−1Mpc, with depth of 1.9h−1Mpc. The circle in dashed line shows R200m = 3.3h−1Mpc of the cluster.
weighted mean profiles of density, pressure, and entropy, and
mass-weighted mean profiles of gas temperature and gas ve-
locities for each cluster halo, and present their mean profiles
averaged the over the cluster sample. For the rest of the pa-
per, all of the gas profiles are presented with substructures and
filaments removed, unless noted otherwise.
4. RESULTS
4.1. Self-similarity of Gas Profiles
We begin by comparing radial velocity profiles of gas and
DM in clusters defined with respect to the critical density and
the mean density of the universe. The velocity profiles are
normalized by the circular velocity Vcirc,∆ ≡
√
GM∆/R∆. In
Figure 2 we show the evolution of radial velocities for gas be-
tween z = 1.5 and z = 0.0. The top left panel shows the profiles
for clusters normalized by using ∆c = 200, and the top right
panel shows the profiles of the same clusters normalized by
using ∆m = 200. For ∆c = 200, there is significant redshift
evolution in the radial gas velocity profile, where Vr(r = R200c)
varies from −0.3V200c to ≈ 0 from z = 1.5 to z = 0. Outside
R200c, the radial velocities of DM and gas are mostly nega-
tive, indicating infall of DM and gas onto the cluster halos.
The magnitude of the velocities in these infall regions evolves
with redshift: higher-z clusters show more negative radial ve-
locities, indicating their higher MAR. The location of the ve-
locity minimum, where the gas is infalling most strongly, also
evolves with z, and it is located at larger fraction of R200c at
lower z. In the same figures, we also show the average radial
velocities of DM (indicated by the dashed lines). Although
the radial velocity profiles of both gas and DM show similar
qualitative trend with z, gas is generally accreting at a slower
rate than DM; the collisional gas1 experiences ram pressure
from the surrounding ICM, while the collisionless DM does
not.
At large radii (r & 3R200c), gas traces DM, where the ve-
locities of both components follow the Hubble flow in the ex-
panding universe. Their normalized radial velocity profiles
are independent of redshift, because the normalization with
1 Note that the mean free path of electrons in the ICM plasma could be
large (& 100kpc), which may break down the hydrodynamic approximation
in cluster outskirts. However, the presence of any magnetic field may reduce
the effective mean free path below the numerical resolution such that the ICM
can be treated effectively as collisional. This uncertainty must be kept in mind
when interpreting our results.
respect to R200c and Vcirc,200c naturally accounts for the Hub-
ble flow: R200c ∝ ρ−1/3c ∝ H(z)−2/3, and Vcirc,200c ∝ H(z)1/3, so
H(z) = Vr/r ∝Vcirc,200c/R200c, leaving the normalized radially
velocity profile Vr(r/R200c)/Vcirc,200c redshift independent.
An interesting radius is the turnaround radius Rta, where
the radial velocity becomes zero as the accreting mass de-
taches from the Hubble flow. The top left panel of Figure 2
shows that Rta/R200c (the outermost radius where the radial
velocity is zero) is independent of redshift, and it is located
at Rta/R200c ≈ 5. We expect Rta to follow the evolution of the
Hubble parameter, as it is the radius where the dynamics of
both dark matter and gas detach from the Hubble flow. There-
fore Rta is well-traced by R200c which is defined in terms of
the Hubble parameter.
On the other hand, Rta does not scale well with R200m. The
radial velocity profiles Vr/Vcirc,200m outside the infall region
show strong evolution with z, especially at late times (z. 1.0).
This is because R200m ∝ ρm(z)−1/3 only accounts for the evo-
lution of the matter component, but does not account for the
effects of dark energy which drives the accelerated expansion
of the universe at low z, leading to strong evolution trend in
Rta/R200m and the radial velocity profile outside the infall re-
gion.
However, at smaller radii, we find that choosing ∆m = 200
makes the radial velocity profile more universal with z. The
locations of radial velocity minima in both DM and gas for
∆m = 200 show little redshift evolution compared to the case
of ∆c = 200. This behavior is expected, as the accreting mat-
ter undergoes free-fall once decoupled from the Hubble flow,
where its evolution is governed primarily by the gravity inside
the virialized region, whose mass density is characterized by
the cosmic mean mass density independent of the Hubble pa-
rameter.
Similar trends are observed in the entropy profiles of gas.
The profiles are normalized by the self-similar values de-
scribed in the Section 2.2. The bottom panels of Figure 2
show the redshift evolution of the entropy profiles. Each line
represents the entropy profile averaged over the cluster sam-
ple at z = 0.0,0.5,1.0,1.5. Each profile shows a well-defined
entropy peak, which corresponds to the location of the accre-
tion shock2, Rsh, where the gas radial velocity is minimum.
2 We define accretion shocks as regions where pristine gas from voids falls
into the cluster and gets shock-heated for the first time, which are commonly
referred to as “external” shocks, in contrast to “internal” shocks driven by
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Figure 2. Profiles of average radial velocity (top panels) and gas entropy (bottom panels) at z = 0,0.5,1.0, and 1.5. The lower subplot in each panel shows the
deviations of the profiles from different z outputs relative to that of the z = 0.5 clusters. The left panels show the profiles of cluster halos defined using the critical
density, while the right panels show the profiles of the same cluster halos defined using the mean density. In the upper panel, we show the mean radial velocity
profiles for gas and DM in solid and dashed lines respectively. The shaded regions indicate the 1σ scatter around the mean gas profiles for the z = 0 clusters.
Some care is needed when interpreting the accretion shock
radius Rsh defined using the entropy peak or the minimum
of the radial infall velocity of gas. When the accreting col-
lisional gas is shocked, it stops infalling and its radial ve-
locity should jumps abruptly to zero. Likewise, the gas en-
tropy profile should jump sharply behind the accretion shock
when the gas is heated through the shock. However, these
sharp jumps are not seen in our radial velocity nor entropy
profiles, which increase more smoothly in the post-shock re-
gion. This is partly because gas accretion is aspherical, and
the actual topology of the accretion shocks is rather complex
(e.g., Ryu et al. 2003; Pfrommer et al. 2006; Skillman et al.
mergers or accretions through filaments (e.g., Ryu et al. 2003).
2008; Vazza et al. 2009a; Planelles & Quilis 2013; Schaal &
Springel 2015). Spherically averaging the velocity and en-
tropy profiles will smooth out these jumps. Moreover, cold
gas accreting along filaments can penetrate deeper into the
cluster and are shocked at smaller cluster-centric radii (e.g.,
Molnar et al. 2009). This creates a series of shocks with vary-
ing velocity and entropy jumps, smoothing the velocity and
entropy profiles in the infall region.
For ∆c = 200, the accretion shock systematically increases
toward larger cluster-centric radii at lower z. The entropy
measured at r = R200c decreases from 3×K200c at z = 1.5 to
1.5×K200c at z = 0 due to the combination of the shift in the
location of the entropy peak and the evolution in the entropy
normalization K200c. On the other hand, for ∆m = 200, the
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Figure 3. From left to right, we show the profiles of gas temperature, density, and pressure for the cluster halos at z = 0.0,0.5,1.0,1.5. The upper panels show
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each figure, the bottom sub-panel shows the fractional deviations of the profiles with respect to the z = 0.5 clusters. The shaded regions indicate the 1σ scatter
around the mean for the z = 0 clusters.
entropy profiles in the radial range of 0.3 ≤ r/R200m ≤ 1.0
remain roughly constant with z. The accretion shock ra-
dius Rsh/R200m does not evolve much, and it is located at
Rsh ≈ 1.6R200m at all z.
In Figure 3, we show profiles of other thermodynamic quan-
tities: gas density, temperature and thermal pressure profiles
normalized using ∆c = 200 and ∆m = 200 at different z. We
find that these ICM profiles exhibit similar z-dependence to
that of the entropy profile. For ∆c = 200, there are system-
atic deviations of the profiles with z outside the cluster core
(r ≥ 0.2R200c). For example at r = R200c, high-z clusters have
lower normalized temperature because they have higher phys-
ical mass accretion rate, so that their accretion shocks can
penetrate deeper by pushing the low-temperature pre-shock
regions toward the inner regions of clusters. Similarly, the
evolution in the normalized density and pressure profiles is
also due to the evolution in Rsh/R200c. On the other hand,
switching the halo definition to ∆m = 200 captures the red-
shift evolution of the Rsh much better and results in thermo-
dynamic profiles that are more universal with z in the radial
range of 0.3≤ r/R200m ≤ 1.0.
The self-similar secondary infall model predicts that the
location of shock is located at a fixed fraction of the cur-
rent turnaround radius, with Rsh = 0.347Rta, in the flat matter-
dominated universe (Bertschinger 1985). However, our sim-
ulation shows that Rsh is not proportional to Rta. Rsh evolves
as R200m, whereas Rta evolves as R200c. This deviation from
the self-similar secondary infall model is likely due to the in-
creasing effects of dark energy at low z, which breaks the self-
similar evolution of infalling matter that is currently turning
around. We will investigate the origin of this deviation in a
future paper.
We find little dependence of the gas profiles on cluster mass
or density peak height ν ≡ δc/σ(M,z) defined in Section 2.2,
because our sample contains only massive clusters. On av-
erage, halos with higher mass or peak height are on average
accreting more rapidly compared to those with low mass or
peak height (Cuesta et al. 2008; McBride et al. 2009; Diemer
& Kravtsov 2014), which can introduce mass or peak height
dependence in the outskirt gas profiles.
Baryonic processes such as radiative cooling, star forma-
tion, and energy feedback from supernovae or active galac-
tic nuclei can significantly influence the gas profiles in the
inner regions and break self-similar behavior. These physi-
cal processes can also change the thermodynamical structure
at larger radii and influence gas dynamics in low mass ha-
los, such as galaxies and galaxy groups (e.g., Faucher-Giguère
et al. 2011; van de Voort et al. 2011). We expect the effects of
baryonic physics to be considerably smaller in the outskirts
of massive halos, where gravitational physics dominates the
gas dynamics. However, further work is necessary to fully
quantify how baryons affect the MAR and the self-similarity
of gas profiles in all halos. A study of gas flows in group
and galaxy-size halos help address these issues (e.g., Wetzel
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Figure 4. Profiles of circular velocity Vcirc ≡
√
GM(< r)/r at z = 0.0,0.5,1.0,1.5. The left panel shows the profiles of the cluster halos defined using the critical
density, while the right panel shows the same profiles with cluster halos defined using the mean density. In each figure, the bottom sub-panel shows the fractional
deviations of the profiles with respect to the profile of the z = 0.5 clusters. The shaded regions indicate the 1σ scatter around the mean for the z = 0 clusters.
& Nagai 2014).
4.2. Evolution of the Circular Velocity Profile
The differences in the self-similarity between the inner and
outer regions can be understood in terms of the evolution of
the gravitational potential well, which determines the thermo-
dynamical properties of the cluster gas. In Figure 4, we plot
the circular velocity profile Vcirc(r) which we use as a proxy
for the gravitational potential, normalized using∆c = 200 and
∆m = 200 at z = 0.0,0.5,1.0,1.5. For∆c = 200, the circular ve-
locity profile is more universal with z at r ≤ R200c, indicating
that the evolution of the cluster potential in the inner region is
well captured by ρc(z). On the other hand for ∆m = 200, Vcirc
evolves significantly at r ≤ R200m, but exhibits an enhanced
level of self-similarity at r ≥ R200m.
The reason behind the dependence is that the gravitational
potential well of the cluster halo is already set during the early
stage of formation of the halo (Li et al. 2007; van den Bosch
et al. 2014), while the outer region is more sensitive to the
recent mass growth of the halo. N-body simulations have
shown that halo grows in two phases: an early fast growth
phase when the halo is formed via violent relaxation and
phase mixing, followed by slow growth phase via smooth ac-
cretion (Wechsler et al. 2002; Zhao et al. 2003). The initial
fast growth phase determines the inner density and hence the
potential well of the halo. For a massive cluster-size halo at
z = 0, its fast growth phase occurs at high redshift (z& 1) when
the universe is still flat and matter-dominated, with its gravita-
tional potential forming and scaling with the background den-
sity where ρm(z) = ρc(z). During the subsequent slow growth
phase in the epoch of dark energy domination (ρm(z)< ρc(z)),
accretion only adds mass in the halo outskirts, leaving the
inner mass distribution unchanged. For constant mass, the
radius defined with respect to the critical density scales as
R∆c ∝ ρc(z)−1/3 ∝ E(z)−2/3, which evolves much slower than
R∆m ∝ (1 + z)−1 at late times when the universe is no longer
matter-dominated. Therefore, R∆c tracks the slowly changing
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Figure 5. Comparison between two MAR proxies α200m versus Γ200m for
the z = 0 clusters. Here, we consider three values of α200m based on the DM
radial velocity at r = 1.25R200m (black circles), 1.0R200m (red squares), and
1.5R200m (blue triangles), normalized by the circular velocity at r = R200m.
interior better, while R∆m tracks the outer gas profiles deter-
mined by the mass accretion at late times. Further works are
needed to understand the tight self-similar scaling of the in-
ner profiles with ρc(z). However, we note that in reality, the
inner profiles are modified by baryonic physics which breaks
the self-similarity (e.g., McDonald et al. 2014).
4.3. Effects of MAR on Gas Profiles
Next we study the dependence of the gas profiles on the
MAR in the present-day universe at z = 0. We use the MAR
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proxy α defined in Equation 10 as a probe the MAR of the
cluster. We choose ∆m = 200 to define α since it scales out
the redshift dependence of the MAR, as shown in Section 4.1.
We first compare our new MAR proxy α200m, based on DM
infall velocities defined in Equation 10, with Γ200m given by
Equation 11. In Figure 5, we plot α200m as a function of
Γ200m, with Rα/R200m = 1.0,1.25, and 1.5. There is a clear
anti-correlation between Γ200m and α200m for the above values
of Rα/R200m, suggesting that the instantaneous MAR proxy
α200m is a good alternative probe of Γ200m. In particular,
we find that setting Rα = 1.25R200m minimizes the scatter in
α200m −Γ200m, elucidating the clearest dependence of the ther-
modynamic profiles on the MAR.
Figure 6 shows the radial velocity profiles of gas and DM
for clusters in three bins of α200m, with each bin containing
clusters that lie in the top, middle, and bottom third of the dis-
tribution in α200m. Not surprisingly, rapidly accreting clusters
(with more negative α200m) show more negative gas radial ve-
locity in the infall region 0.6 . r/R200m . 3. The radial gas
velocity also becomes progressively less negative, with de-
creasing size in the infall regions for systems with a less neg-
ative α200m. Note that the radial velocity of gas in the infall
region is generally less negative than that of DM because the
collisional gas slows down at it experiences shocks and ram-
pressure of the surrounding ICM. Note, although we treat the
DM and gas flows as spherical mass shells moving radially, in
reality they are likely to occur anisotropically through merg-
ers and accretions along filaments.
In Figure 7 we plot the profiles of entropy, temperature, and
pressure for the three different bins of α200m. The left panel
of the figure shows the entropy profile. The peak of the en-
tropy profile indicates the accretion shock radius Rsh, which
shifts toward the inner regions for higher MAR clusters. This
is because more rapidly accreting halos accumulate gas with
higher momentum flux, which penetrates deeper into the in-
terior region (e.g., Voit et al. 2003; McCourt et al. 2013) and
shifting the entropy peak and the entropy profile inward. We
note that low MAR clusters do not show flatter entropy pro-
file. This is at odds with the model put forward by Cavaliere
et al. (2011), who suggested that the flattening of entropy in
cluster outskirts revealed by Suzaku (e.g., Simionescu et al.
2011; Walker et al. 2013) may be due to weakening of accre-
tion shocks as MAR drops due to the repulsive of dark energy
at late cosmic time. Our simulation shows the opposite. The
maximum entropy values of the low MAR clusters are slightly
higher than, but still consistent with those of the high MAR
clusters. There is a relatively modest < 20% drop in entropy
at. R200m in the low MAR clusters due to the outward shift of
the entropy profile toward larger radii compared to high MAR
clusters. This small entropy drop is not enough to explain the
observed entropy flattening in Suzaku.
Other processes may be responsible for the observed flat-
tening of the entropy profiles in the outskirts of relaxed clus-
ters. For example, the radially dependent ICM inhomo-
geneities can lead to overestimates in the gas density profiles
derived from X-ray observations, causing the observed en-
tropy profile to flatten at the large cluster-centric radii (Nagai
& Lau 2011). Non-thermal pressure due to gas motions in-
duced by gas accretion and mergers (e.g., Vazza et al. 2009b;
Nelson et al. 2012) as well as plasma effects (e.g., magne-
tothermal instability, Parrish et al. 2012) can also bias the gas
temperature and entropy profiles low at large cluster-centric
radii by keeping some of the gas energy non-thermal. Non-
equilibrium electrons can also lower the measured electron
temperature inside the accretion shock (e.g., Rudd & Nagai
2009), which might partially explain the observed entropy
drop in the outskirts (Hoshino et al. 2010; Akamatsu et al.
2011).
The average gas temperature in more rapidly accreting clus-
ters is lower than the value of the whole cluster sample, espe-
cially in their outskirts where gas is actively accreting, but
the impact of MAR on the temperature profiles is smaller
within R200m than the entropy profile. At r = R200m, the most
rapidly accreting clusters have temperature that is about 9%
lower than the least accreting systems. The differences be-
come larger at r > R200m, reaching 15% at r = 1.5R200m. The
gas temperature of high MAR clusters is lower in the outskirts
because their accretion shocks are located at smaller radii, and
a larger fraction of the outskirt gas is still pre-shocked and has
lower temperature.
Note that our results on the temperature profile and its
dependence on MAR are qualitatively different from results
based on idealized simulations by McCourt et al. (2013), who
reported that clusters with higher accretion rates have higher
temperatures than slowly accreting systems. The discrepancy
could be due to their assumption of instantaneous thermal-
ization of accreting gas at the accretion shocks, which could
cause the gas temperature to be overestimated. Taking into
account the residual kinetic energy from incomplete thermal-
ization in the form of non-thermal pressure could account
for this problem. High MAR clusters are expected to have
a higher non-thermal pressure fraction due to the increased
level of merger- and accretion-induced gas motions (Nelson
et al. 2014a; Shi & Komatsu 2014; Shi et al. 2015). Therefore,
the over-predicted gas temperature in the model of McCourt
et al. (2013) can be lowered by the correspondingly larger
amount of non-thermal pressure present in the high MAR
clusters, which could bring their results in better agreement
to the results of cosmological simulations.
On the right panel of Figure 7 we show the thermal pressure
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profile and its dependence on MAR. We multiply the pressure
profile by the radius cubed to show more clearly the depen-
dence on α200m in the outskirts. Rapidly accreting clusters
exhibit lower thermal pressure than slowly accreting systems
by ∼ 40%, as recently accreted gas is less thermalized and
less dense (see Figure 8).
The left panel of Figure 8 shows the effect of the MAR
α200m on gas density. We have multiplied the density pro-
file by the radius squared to show the dependence on α200m
more clearly. Similar to the pressure profile, there is a
factor of 2 difference in the gas density between the least
and most rapidly accreting clusters at R200m. The larger in-
flow in rapidly accreting clusters is responsible for the de-
crease in density at 0.5 ≤ r/R200m ≤ 1. The right panel
of Figure 8 shows the logarithmic gas density slope γgas ≡
d logρgas/d logr. More rapidly accreting clusters have shal-
lower density slopes in gas densities at 0.1 ≤ r/R200m ≤ 0.3
and slightly steeper slope at 0.3 ≤ r/R200m ≤ 1. The depen-
dence of gas density slope on MAR or the halo formation
history is consistent with that of the DM density slope seen
in N-body simulations (Diemer & Kravtsov 2014; Wu et al.
2013). We note, however, that there is a large scatter in the
gas density slopes for a given α200m bin.
4.4. How Does Gas Trace DM in Cluster Outskirts?
In this section we examine how well gas density traces DM
density in cluster outskirts and its dependence on redshift and
MAR. The relation between gas and DM densities can be use-
ful for prescribing gas distribution in DM-only simulations, or
for inferring the DM distributions from the observed gas dis-
tributions in cluster outskirts. Note that in this section, we do
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not exclude substructures and filaments in either gas or DM
components.
We find that gas traces DM in a uniform manner with red-
shift when we define clusters with∆m = 200. The left panel of
Figure 9 shows the ratio of gas-to-DM density (ρgas/ρDM) as
a function of the cluster-centric radius at z = 0.0,0.5,1.0,1.5.
Here, the gas and DM densities shown are the mean val-
ues in each spherical bin, and the ratio is normalized to
the cosmic baryon-to-DM ratio (Ωb/ΩDM). Similar to the
thermodynamic profiles discussed in Section 4.1, the pro-
file of ρgas/ρDM is universal with z in the radial range 0.3 ≤
r/R200m ≤ 2. While the gas density roughly traces the DM
density in this radial range, there is 10% − 20% deviation in
the gas-to-DM density ratio from the cosmic value around
the accretion shock. The value of ρgas/ρDM is below the cos-
mic value in the intermediate region (0.6≤ r/R200m ≤ 1), but
exceeds the cosmic value in the inner (0.3 ≤ r/R200m ≤ 0.6)
and outer (1.0≤ r/R200m ≤ 3) regions of clusters, and asymp-
totically approaches the cosmic value beyond 3R200m. The
deviation from the cosmic value is on average about 10%
around the accretion shock, but could reach to more than 20%
for individual clusters. This pattern in the ρgas/ρDM profile
originates from the difference in the dynamics between gas
and DM discussed in Section 4.1. Shock heating and ram
pressure cause gas to lag behind DM during infall, creating
an overdensity of gas around the accretion shock Rsh, indi-
cated by the peak in the ρgas/ρDM profile. The collisionless
DM, on the other hand, penetrates further into the inner re-
gion of the cluster, undergoes core passage, and accumulates
at the first apocenter passage, leading to slightly overdense
DM density at r ∼ R200m. This drop in DM densities from
1.0R200m to 1.6R200m corresponds to the “splashback” radius,
where the outermost caustic of the DM is located (Diemer &
Kravtsov 2014; Adhikari et al. 2014). Our work suggests that
the “splashback” radius of DM coincides with the accretion
shock radius of the gas. In the right panel of Figure 9, we
also show the dependence of MAR in the profiles of the gas-
to-DM density ratio for the z = 0 clusters. The profiles follow
the same pattern as in the left panel. The peak of the profiles
occurs at smaller radii for clusters with the highest MAR.
Recently, Patej & Loeb (2015) proposed an analytical
model of gas distribution in galaxy clusters that depends on
the ratio of the gas density jump to DM density jump at the
accretion shock. They find that fitting their model to observed
gas density profiles infers a similar gas density jump to that
of DM density around the accretion shock, consistent with
our findings that the gas density traces DM density to within
. 20% in the cluster outskirts. Their model can be further
improved by considering the effect of differential dynamics
between the collisionless DM and collisional gas that leads to
the deviation of the gas-to-DM density ratio from the cosmic
mean. This will provide an unique approach for constraining
the physics of cluster accretion shocks based on observations
of the inner ICM profiles.
4.5. Location of the Accretion Shock
The dependence of outskirt gas profiles on α200m is similar
to that of z for ∆c = 200 (see Figures 2 and 3). The accre-
tion shock occurs closer to the cluster center for systems with
more negative values of α200m. Similarly, for ∆c = 200, high-
z clusters on average have their accretion shock closer to the
cluster center. This suggests that the apparent evolution of the
profiles for∆c = 200 originates from the evolution in the phys-
ical MAR, where high-z clusters experience more rapid mass
accretion than low-z counterparts. Normalizing clusters with
respect to ∆m = 200 accounts for the redshift dependence of
effects of the average MAR on the outskirt gas profiles, while
the residual differences in MAR between clusters at a given
redshift contribute to the scatter in the profiles. We further
investigate how the location of the accretion shock depends
on redshift, mass, and accretion rate. In Figure 10, we char-
acterize the relationship between the location of the accretion
shock Rsh in units of R200m and the MAR proxy α200m. We
divide the cluster sample into a high and low peak height bin,
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splitting at ν200m = δc/σ(M200m,z) = 3.25. The accretion shock
radius Rsh/R200m has a linear correlation that is independent of
peak height. Halos with different peak height occupy differ-
ent regions along the relation, where low peak height halos
tend to have slightly larger Rsh/R200m and low MAR (more
positive α200m), although this trend is fairly weak.
We quantify the best-fit relation between Rsh/R200m and
α200m by performing linear least square fit:
Rsh/R200m = A+Bα200m (12)
where A = 1.990± 0.030 and B = 0.782± 0.067. Note that
this accretion shock radius is considerably larger than R200c
(≈ 0.6R200m at z = 0), or the virial radius Rvir (≈ 0.8R200m
at z = 0). This redshift independent location of the accretion
shocks should be useful for modeling how accretion shocks
generate non-thermal pressure (Shi & Komatsu 2014), non-
equilibrium electrons (e.g., Avestruz et al. 2014), and cosmic
rays (see Brunetti & Jones 2014, for review), as well as as-
sessing their effects on the hydrostatic mass bias (e.g., La-
ganá et al. 2010). Note further that we defined the shock
radius using the peak of the azimuthally averaged entropy
profile, while the actual topology of the accretion shock is
quite complicated, which contributes to the large scatter in
the Rsh/R200m −α200m relation.
5. CONCLUSIONS AND DISCUSSION
In this work we investigated the self-similarity of the diffuse
X-ray emitting gas profiles in the outskirts of galaxy clusters
using a mass-limited sample of simulated clusters extracted
from the Omega500 cosmological hydrodynamic simulation.
Our main results are summarized below:
1. The radial profiles of the diffuse ICM in the outskirts of
galaxy clusters at r & R200c ≈ 0.6R200m exhibit remark-
able self-similarity with redshift when they are normal-
ized with respect to the mean density of the universe,
while in the inner regions of clusters they are more
self-similar when normalized with respect to the crit-
ical density. This difference in the scaling property of
the ICM radial profiles originates from the fact that the
outer gas profiles are determined by late time accretion
governed by the mean density of the universe, while
the inner profiles are determined by the gravitational
potential that is set when the universe is still matter-
dominated and stays roughly constant afterward.
2. The diffuse ICM profiles in cluster outskirts depend on
the mass accretion rate (MAR) of the cluster. To quan-
tify the MAR, we proposed a new indicator α which is
defined as the ratio of the local infall dark matter (DM)
velocity in the halo outskirt to the virial velocity of the
halo. Using this new indicator, we find that the pressure
and temperature profiles of low MAR clusters are sys-
tematically higher than those of high MAR clusters, be-
cause a significant fraction of kinetic energy associated
with accreting materials has not yet been thermalized
in rapidly accreting clusters. Specifically, our results
suggest that the ICM pressure profile is not “univer-
sal” at large radii when scaled to R200c. While the pres-
sure profile in cluster outskirts exhibits a more univer-
sal evolution when scaled to R200m, the profile at large
radii is generally sensitive to MAR. Therefore, any use
of the “universal” pressure profile in extrapolating ther-
mal SZ measurements from the outskirts to R500c will
likely be biased. This is especially important when the
beam size of the instrument is too large to resolve R500c
for high-z clusters, e.g., as in the case of Planck. Our
work suggests that the effects of MAR must be taken
into account when interpreting SZ observations of clus-
ter outskirts, including the recent Planck’s stacked SZ
measurements which detected thermal pressure profiles
around massive clusters out to 3× R500c ≈ 1.2R200m
(Planck Collaboration Int. V 2013).
3. Gas does not trace DM perfectly in the infall regions
of galaxy clusters, because the collisional gas accretes
slower than the collisionless DM. This causes the gas-
to-DM density ratio to deviate from the cosmic mean
value by about 10% near the accretion shocks, and
steepens the gas density profile relative to the DM pro-
file at large cluster-centric radii. Recent ultra-deep
(& 2 Ms) Chandra observation of Abell 133 and Abell
1795 (Vikhlinin et al., in prep.) may be able to
detect the steepening in X-ray emissions in the dif-
fuse ICM component, after properly removing point
sources, clumps, and filaments.
4. The accretion shock radius Rsh is on average located at
the fixed fraction of R200m (Rsh/R200m ≈ 1.6) of galaxy
clusters independent of redshift (0 ≤ z ≤ 1.5). How-
ever, there is also a large scatter in the accretion shock
radius (Rsh/R200m ≈ 1.0−2.4), depending on the MAR
of clusters. Higher MAR clusters have smaller accre-
tion shock radius. These results can be useful for mod-
eling physical processes (such as generation of turbu-
lence and cosmic-rays) related to accretion and shock
heating at outer boundaries of galaxy clusters.
5. Our results suggest that the critical density is still pre-
ferred in defining cluster mass and radius, for calibra-
tions of observable-mass relations (e.g., M − YX and
M −YSZ) based on the current generation of X-ray and
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SZ profile measurements, which mostly probe gas out
to r . R500c. Since the outer profiles are more self-
similar when they are normalized with respect to the
mean mass density, the exploitation of cluster outskirts
for cosmology requires some care. For example, us-
ing the critical density in normalizing the outer ICM
profiles can introduce redshift-dependent systematic bi-
ases in cluster scaling relations. Furthermore, scal-
ing relations of cluster outskirts are expected to show
larger scatter due to variations in MAR. Detailed un-
derstanding of physical processes and observational bi-
ases will be critical for interpreting data from the next-
generation of X-ray and SZ missions, such as SMART-
X3 and Athena+.4
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